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Abstract 
 In a series of systematic studies we have investigated the molecular motion in crystals 
of the glycine polymorphs and determined their thermodynamic functions from an analysis of 
multi-temperature atomic displacement parameters (ADPs) combined with ONIOM 
calculation on 15-molecule clusters. The studies are aimed at providing insight into the factors 
governing the relative stabilities of the α-, β- and γ-polymorphs. This paper, the last in the 
series, focuses on the most stable polymorph, γ-glycine. Multitemperature diffraction data to 
0.5 Å of the γ-glycine polymorph have been collected between 10 and 300 K at two 
synchrotron beamlines, KEK Photon Factory and ID11 of the ESRF. The ADPs of γ-glycine 
from these sources differ significantly, as previously observed also for the other two 
polymorphs. A simple model of rigid body motion explains the ADPs from KEK and their 
temperature dependence. It provides lattice vibration frequencies that are in line with those 
from Raman spectroscopy. Together with the internal vibration frequencies from an ONIOM 
calculation, the thermodynamic functions are estimated using the Einstein, Debye and 
Nernst–Lindemann models of heat capacity. The relative stabilities of the three polymorphs of 
glycine are discussed on the basis of the contributions to their free energies as obtained in this 
work and from various experimental and theoretical studies. The comparison shows that the 
free-energy differences are determined primarily by differences in lattice and zero-point 
vibrational energies. 
 
Keywords: γ-glycine; molecular motion; normal mode analysis; atomic displacement 
parameters, thermodynamics 
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 1. INTRODUCTION 
 Zwitterionic glycine (+NH3CH2CO2−) forms three polymorphs at ambient pressure with 
relative stabilities and space groups: γ – P31 > α – P21/n > β – P21.1 Their crystal packings are 
characterized by parallel polar layers, polar helices, and antiparallel bilayers, respectively. 
The β- and γ-phases exhibit piezoelectric properties,2,3 whereas the α-phase shows electrical 
properties.4 
 This and two preceding papers aim at understanding the various contributions to the 
thermodynamic functions of the three glycine polymorphs and thus their relative stabilities, 
the contributions of vibrational enthalpy and entropy in particular. Here these functions are 
obtained by determining external and internal vibration frequencies5–7 from the temperature 
dependence of atomic displacement parameters (ADPs).8 In this third paper, we report a 
normal mode analysis of the ADPs of γ-glycine obtained from synchrotron data, derive the 
relevant thermodynamic functions, and compare the contributions to the relative stabilities of 
the three glycine polymorphs as obtained from ADPs, calorimetric and theoretical methods. A 
similar study, in particular an accurate estimation of the heat capacities Cv and Cp using the 
Einstein,9 Debye10 and Nernst–Lindemann11 relations has been performed for naphthalene, 
anthracene and hexamethylenetetramine.12 
 A set of multitemperature ADPs may be analysed with the normal mode model 
developed by Bürgi and Capelli:8 
       (1) xTTTx εAgVAgVδΣ += )T()T(
The ADPs are the 3×3 diagonal blocks of Σx; δ(Τ) is a diagonal matrix of temperature-
dependent normal mode displacements with elements 
     2( ) coth8 2
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i
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hhT
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    (2) 
The matrices g and A transform the normal modes with frequencies νi and eigenvectors V into 
mean square atomic displacements Σx(T); εx is a temperature-independent term accounting for 
the high-frequency intramolecular vibrations, which are not significantly excited in the 
temperature range of the diffraction experiments; h is the Planck constant; and kB is the 
Boltzmann constant. The dynamics of the molecules in the crystal field are parameterized by 
the frequencies νi, the independent elements of the orthonormal matrix V representing 
molecular displacement coordinates and the six independent elements of each of the 3×3 
diagonal blocks of εx. Anharmonicity associated with the thermal expansion of the crystal is 
taken into account by a Grüneisen parameter13 (eq. 3) defined as the ratio of the relative 
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 frequency change Δν(T)/ν(0) to the relative cell-volume change ΔV(T)/V(0) with 
temperature.14 
    , ( )(0)( ) (0)
i
G i
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TV
V T
νγ ν
Δ= − ⋅Δ      (3) 
The model parameters are obtained from a least squares procedure with observational 
equations based on the elements of the diagonal 3×3 blocks of Σx(T) determined at multiple 
temperatures (eq. 1). 
 At atmospheric pressure γ-glycine is the most stable polymorph and has been as 
extensively studied as α-glycine. The γ-glycine crystal structure was first determined by Iitaka 
in 1958 using photographic techniques.15 Kozhin reported the unit cell constants at 77 and 
293 K of the three glycine polymorphs in a study of thermal expansion tensors.16 Kvick and 
co-workers analyzed thermal motion upon cooling from 298 to 83 K using neutron diffraction 
data to 0.67 Å resolution.17 Boldyreva and co-workers measured two sealed-tube X-ray data 
sets of γ-glycine to a resolution of 0.6 Å using modern CCD diffractometers and studied 
structural distortions upon cooling from 294 to 150 K.18 However, these data do not cover the 
temperature range from the quantum to the classic regimes nor do they extend to a resolution 
of 0.5 Å, ranges one would like to have for the normal mode analysis described in this 
communication. In addition, highly intense synchrotron radiation with its small energy 
dispersion (Δλ/λ < 10–4) can help to measure the rather weak Bragg intensities at high angles 
accurately and thus to obtain accurate ADPs.19 Due to the small dispersion of synchrotron 
radiation ADPs are generally smaller by ~6×10–4 Å2 than those obtained from sealed tube 
radiation.19 
 
2. DIFFRACTION EXPERIMENTS 
    2.1. Crystal Preparation. White powder of glycine purchased from MP Biochemicals was 
used as received. Elongated trigonal, colorless single crystals of the γ-glycine polymorph were 
obtained from a saturated acetic acid aqueous solution of glycine by adding (2% w/w of 
glycine) of D-/L-phenylalanine as described in (20). 
    2.2. Data Collection and Processing. Elongated trigonal γ-glycine single crystals were cut, 
if necessary, to optimal sizes of 0.04–0.25 mm and glued on a glass fiber tip. Synchrotron 
data for a crystal of γ-glycine were collected to a resolution of 0.5 Å at 10, 70, 130, and 190 K 
on beamline 8B of KEK Photon Factory (PF) with a wavelength of 0.65210 Å, using an 
imaging plate Weissenberg camera, on a 2-circle diffractometer. At 298 K, data were 
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 collected on the same beamline to the same resolution using two orientations of a second 
crystal for better coverage and redundancy. A third crystal was used for data collection at 10, 
100, 200 and 300 K with a wavelength of 0.15927 Å and using a 3-circle diffractometer and 
homemade CCD detector at beamline ID11 of the European Synchrotron Radiation Facility 
(ESRF) (see Supporting Information, Table 1S). Note that in multi-temperature studies, like 
the present investigations of the glycine polymorphs,5–7 it is practically unavoidable to collect 
diffraction data from different crystal samples at different beamlines and synchrotron sources, 
in different sample environments and data processing. While this complicates ADP 
comparisons, it is also allows tests of mutual consistency or discrepancy of the results. Data 
were processed with RAPID AUTO21 or SAINT22 and multi-scan absorption corrections were 
applied with ABSCOR23 or SADABS,24 giving the following completeness, redundancy and 
Rint: 90–99%, 2.0–2.8 and 0.027–0.041 for the KEK data and 98%, 18.9–25.6 and 0.034–
0.038 for the ID11 data (Tables 2S). The unit cell dimensions from both sources agree well 
with each other and with those from sealed tube experiments (Fig. 1S).18 The intensity data 
were scaled and merged using XPREP.25 The structures were determined using SHELXS9726 
and refined with SHELXL97.26 After refinement of the KEK data between 10–190 K, all 
reflections showed Fo2 >> Fc2, indicating that the data were collected from a merohedrally 
twinned crystal (probably induced by cutting). Hence, the KEK low-temperature data were 
detwinned prior to multipole refinement (Table 2S, footnote a). The 298 K data from KEK 
and all data from ID11 collected with two different crystals show no indication of twinning. 
All non-H atoms were refined anisotropically using conventional spherical scattering factors27 
(Independent Atom Model, IAM). Hydrogen atoms found from difference Fourier maps were 
refined isotropically. An extinction correction was refined, but was insignificant for the ID11 
data (Table 1). This observation correlates with the much shorter wavelength used for data 
collection at beamline ID11 (Table 1). Inspection of plots of Fobs2 vs Fcalc2 for the KEK data 
showed only one affected reflection ((–1 2 0), see SI, Fig. 2S). ADPs from refinements with 
and without extinction correction and with and without this reflection differ insignificantly, 
becoming 0.5 standard uncertainties smaller on average if no extinction correction is 
considered or the reflection (–1 2 0) omitted from the refinement. Overall extinction was 
found much less serious than reported for the neutron diffraction data of γ-glycine,17 probably 
because the crystal volumes used here (4–0.2 μm3) are four orders of magnitude smaller than 
the one used in the neutron study (22.5 mm3!). The final R1 values [I > 2σ(I)] are: 0.033–
0.045 for the KEK and 0.022–0.035 for the ID11 data (Tables 1 and 2S). PEANUT28 plots 
depicting the temperature evolution of the γ-glycine ADPs obtained from the KEK data are 
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 given in Fig. 1. The ADPs from KEK and ID11 data are compared for atoms C1 and O1 in 
Fig. 2. 
 
 
10 K 70 K
130 K 190 K
 
298 K
 
Figure 1. PEANUT28 plots (rmsd, scale 2.50) of the γ-glycine ADPs derived from KEK data 
(IAM refinement). The H-atoms are omitted for clarity. The molecule at the bottom right 
shows the atomic labeling. 
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Figure 2. The variable-temperature ADPs of γ-glycine for atoms (a) C1 and (b) O1 from KEK 
and ID11 data; comparison of ADPs from IAM and INV refinements. The standard 
uncertainties are 2×10–4 Å2, or ca. the line thickness. 
 
    2.3. Deconvolution of Thermal Motion from Valence Bonding Density. ADPs of the 
non-H atoms minimally biased by directional valence bonding density may be obtained by 
refining the diffraction data using a multipole model with program XD.29 We employed the 
invariom model30 which has been used successfully for refining the α- and β-glycine data.5–7 
The model is based on the approximation that a non-spherical electron density fragment is 
invariant in related molecules and that the multipole population parameters are therefore 
transferable. This treatment generally provides well-defined deformation electron density 
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 maps and improves R-values by ~1% as originally observed for MoKα data sets of organic 
molecules.31 Here the values of R1 and Δρ after invariom refinement remain basically 
unchanged for both the KEK and ID11 data (Table 1). As for the ADPs, the principal 
elements U33 from the KEK data decrease by 4–6 times their standard uncertainties at the 
higher temperatures, while the other Uii as well as all Uii from the ID11 data remain 
unchanged (Fig. 2). The differences of mean square displacements along interatomic vectors 
of bonded non-H atoms are <1.0×10–3 Å2 for all temperatures, thus satisfying the Hirshfeld’s 
rigid-bond test32 and warranting the quality of the ADPs obtained. 
 
Table 1. Refinement Statistics for γ-glycine from the Independent Atom Model (IAM) using 
SHELXL9726 and from the Invariom Multipole Model (INV) using XD.29 Data from KEK 
and ID11 
Temp 
(K) 
No of reflns 
(> 2σ) 
EXTI a R1(F)_IAM b R1(F)_INV b Δρ_IAM 
(e Å–3) 
Δρ_INV 
(e Å–3) 
KEK       
10 1147 0.04(7) 0.045 0.045 0.62/–0.54 0.49/–0.51 
70 1154 0.24(8) 0.037 0.039 0.44/–0.49 0.45/–0.58 
130 1152 0.21(7) 0.033 0.032 0.35/–0.48 0.38/–0.49 
190 1108 0.19(8) 0.040 0.042 0.36/–0.41 0.35/–0.43 
298 1186 0.13(6) 0.037 0.041 0.29/–0.30 0.28/–0.35 
ID11       
10 1192 0.00(4) 0.025 0.025 0.37/–0.44 0.33/–0.30 
100 1190 0.00(4) 0.022 0.022 0.36/–0.29 0.29/–0.30 
200 1188 0.00(5) 0.026 0.026 0.35/–0.27 0.27/–0.28 
300 1196 0.00(5) 0.035 0.037 0.35/–0.26 0.28/–0.26 
a Extinction parameter (x), where Fc is multiplied by: k[1 + 0.001xFc2λ3/sin(2θ)]–1/4 
b R1(F) = ∑||Fo| – |Fc||/∑|Fo|. 
 
3. THEORETICAL CALCULATIONS 
Whereas glycine exists in its neutral form in the gas phase, the crystal field stabilizes its 
zwitterionic form. For the theoretical calculations the crystal field was modeled with a 15-
molecule cluster comprising a central molecule surrounded by 14 neighbors. The cluster size 
agrees with Kitaigorodski’s rule of molecular close packing.33 The cluster model was created 
using the atomic coordinates of the γ-glycine neutron structure at 83 K.17 The vibration 
frequencies of the glycine molecule in its crystalline environment were calculated with a two-
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 layer ONIOM model using the program Gaussian03.34 The central molecule was treated with 
density functional theory (DFT) at the B3LYP/6-311+G(2d,p) level of theory, the 14 
surrounding molecules with the semi-empirical PM3 method. Structural optimization 
converged rapidly. The same procedure has been satisfactorily applied to the calculation of 
vibration frequencies of α-glycine,5,6 β-glycine,7 and to the modeling of crystalline glycine 
polymorphs.35 
 
4. RESULTS AND DISCUSSION 
    4.1. Variable-Temperature ADPs. In the absence of phase transformations, the typical 
ADP curves are smooth and continuous. At high temperatures they show an increase steeper-
than-linear, as a consequence of anharmonicity related to thermal expansion. This is what is 
observed for the ADPs from the KEK data. The positive anharmonic motion is accounted for 
by a positive Grüneisen parameter (see Fig. 2 and §4.2). In contrast, the temperature evolution 
of the ADPs based on the ID11 data is linear across the entire temperature range and shows 
no indication of the expected plateau in the quantum regime between 10 and 100 K (see §4.2). 
Comparing the ADPs from both sources, the ADPs from ID11 are larger than those from 
KEK by 3×10–3 Å2 (ca. 15 times their standard uncertainties) for atom O1 at 100 K (Fig. 2b). 
These differences in ADPs are probably due to the different crystals used, as well as to the 
different instruments, experimental conditions and different data processing software. Similar 
differences were noted previously for the ADPs of α-glycine measured at two different 
synchrotron beamlines (KEK and SPring-8)5,6 and for β-glycine where the ADPs from 
synchrotron and sealed tube data7 differed by as much as 3×10–3 Å2 at 300 K. Close 
inspection of the ID11 data has revealed that the high intensity reflections at low angles are 
systematically too weak (see the Wilson plots36 in Supporting Information, Fig. 3S). This 
finding could be due to a non-linear response of the detector for high intensities that are still 
below the saturation level used, however. 
    4.2. Crystal Dynamics from the ADP Analysis. Three simple normal mode models of 
motion were fitted to four sets of multi-temperature ADPs with the program NKA:37 the ‘rigid 
body’ model 1 (rb) is the simplest model of motion; it considers only molecular librations and 
translations;38,39 model 2 (rbe) includes contributions from internal vibration in terms of 3 ε 
tensors: the tensors for the non-H atoms are derived from the ADPs, the tensors for the 
methylene H-atoms H1, H2 and for the ammonium H-atoms H3, H4, H5 are restrained to the 
values obtained from the ONIOM calculations; the local coordinate systems of these tensors 
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 are given in the Supporting Information; model 3 (rbeg) also includes anharmonic effects 
accounted for by a single Grüneisen constant. The molecular coordinate system for the normal 
mode analysis is defined with the x-axis along the O1→N1 vector; the z-axis is orthogonal to 
the plane defined by the vectors O1→N1 and C2→C1; the y-axis is orthogonal to the x- and 
z-axes and completes a right-handed system (Fig. 3). Each of the three models  was 
determined from each of the four ADP sets obtained from the two different sources (KEK and 
ID11) with two different refinements (IAM and INV). The C–H and N–H distances from X-
ray structure determinations are systematically too short as expected; for the ADP analysis the 
hydrogen atom positions were taken from the neutron structure determinations of γ-glycine17 
to ensure optimal moments of inertia for the librational motion. Although the H-atom 
isotropic ADPs are included in the normal mode analysis, they affect the models only slightly 
because their standard uncertainties are large, ~4×10–3 Å2, or ~20 times those of the non-H 
atoms (Table 2S). 
The three models of motion explain the ADPs from the KEK data (Sets 1, 3) better than 
those from the ID11 data (Sets 2, 4).  Here only the model rbeg is discussed, which is more 
theoretically reasonable and gives better goodness-of-fit results (Table 2). The KEK+INV 
ADPs (Set 1) give a normal positive Grüneisen constant (γ = 2.99) and somewhat more 
reasonable ε’s of the non-H atoms, while the ID11+INV data (Set 2) give an unreasonably 
large and negative Grüneisen constant (γ = –6.17) and rather larger ε’s compared with those 
from the ONIOM calculations (Table 2). The negative Grüneisen constant is meaningless for 
glycine because it contradicts the observed positive thermal expansion of the unit cell volume. 
For both sources, a comparable fit is observed for the ADPs from the IAM and INV 
refinements respectively, (Sets 1 vs 3; 2 vs 4, Table 2). The more meaningful fit of the rbeg 
model to the KEK+INV data is illustrated by PEANUT28 difference plots showing small and 
more or less randomly distributed difference displacements (Fig. 3). For comparison, the 
PEANUT28 plots with large and more systematic distributed difference displacements of the 
ID11+INV data are given in Fig. 4S. 
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Figure 3. PEANUT28 plots showing difference displacement parameters 10 × (Uobs – Ucalc)1/2 
of γ-glycine from KEK data (INV refinement, model rbeg); positive differences shown with 
solid lines, negative differences with dotted lines. 
10 K 70 K
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130 K 190 K
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O2 
C2 
C1 y 
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Page 10 of 24 
 Table 2. Normal Mode Analysis of Multitemperature ADPs of γ-Glycine 
ADP Set 1: KEK + INV; Model rbeg    
frequency ν (cm–1), Grüneisen and eigenvector ε (×10-4) a,b GOF wR2 (%) c 
 80.1(0.9) 
2.99(0.47) 
64.5(0.6) 
2.99(0.47) 
76.4(0.8) 
2.99(0.47) 
121.6(2.3) 
2.99(0.47) 
Lx 
Ly 
Lz 
Tx 
Ty 
T z 
-0.533( 33) 
-0.265( 30) 
 0.406( 25) 
-0.568( 50) 
-0.258( 64) 
  0.302( 43) 
-0.232( 21) 
-0.342( 13) 
-0.195( 12) 
 0.047( 18) 
-0.464( 17) 
- 0.757( 15) 
0.327( 55) 
-0.283( 28) 
 0.205( 43) 
 0.467( 56) 
-0.632( 29) 
  0.391( 35) 
-0.646( 20) 
 0.062( 26) 
 0.275( 22) 
 0.673( 13) 
 0.226( 27) 
  0.003( 17) 
N1 C1 C2 O1 O2 
   7(1)    0(1)    1(1) 
            11(1)    1(1) 
                       19(2) 
H1 H2 
 57         0         0 
          138         0 
                     156 
H3 H4 H5 
66          0         0 
          216         0 
                     147 
2.02 
 
observations: 
   175 
restraints: 25 
parameters: 
50 
5.02 
        
ADP Set 2: ID11 + INV; Model rbeg    
 68.0(0.8) 55.7(0.6) 66.2(0.8) 103.5(2.0) 
 -6.17(0.66) -6.17(0.66) -6.17(0.66) -6.17(0.66) 
Lx 
Ly 
Lz 
Tx 
Ty 
T z 
-0.598( 49) 
-0.240( 59) 
 0.405( 45) 
-0.570( 72) 
-0.169(116) 
  0.258( 73) 
-0.259( 23) 
-0.351( 13) 
-0.203( 13) 
 0.059( 17) 
-0.431( 16) 
- 0.761( 14) 
0.275(107)  
-0.337( 44)  
 0.240( 72)  
 0.401(100)  
-0.658( 32)  
  0.401( 49)  
-0.583( 20) 
 0.026( 21) 
 0.268( 21) 
 0.713( 12) 
 0.281( 24) 
  0.011( 16) 
N1 C1 C2 O1 O2 
 18(1)    1(1)    0(1) 
            23(1)    4(1) 
                       27(2) 
H1 H2 
 57          0         0 
           138         0 
                      156 
H3 H4 H5 
 66          0         0 
            216        0 
                      147 
2.68 
 
observations: 
   140 
restraints: 25 
parameters: 
50 
3.94 
        
ADP Set 3: KEK + IAM; Model rbeg  
 79.8(0.9) 
2.99(0.45) 
65.0(0.6) 
2.99(0.45) 
75.5(0.7) 
2.99(0.45) 
119.1(2.2) 
2.99(0.45) 
 2.36 4.80 
        
ADP Set 4: ID11 + IAM; Model rbeg    
 69.5(0.8) 56.5(0.6) 66.4(0.8) 105.8(2.2)  2.86 4.46 
 -5.01(0.64) -5.01(0.64) -5.01(0.64) -5.01(0.64)    
a The H-atom epsilons are restrained to the values from ONIOM calculations. 
b The diagonal elements of epsilon for non-H atoms from ONIOM calculations are 10, 12, 10 × 10−4 Å2. 
c  wR2 = [∑w(Uobs – Ucalc)2/∑wUobs2]1/2. 
 
For the small glycine molecule embedded in a network of intermolecular hydrogen 
bonds and other intermolecular contacts, only the four lowest frequency normal mode 
frequencies are significantly excited and can be reasonably determined in the limited 
temperature range of our experiment. The four lattice frequencies from KEK data (64.7, 75.2, 
80.3, 121 cm–1; ADP Set 1 in Table 2) are in the range of those from Raman spectroscopy40–44 
(Table 3). A frequency-to-frequency comparison has to be taken with a grain of salt because 
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 the meaning of the frequencies from ADP analysis and spectroscopy is different. Whereas the 
normal mode frequencies determined from ADPs represent averages over the Brillouin zone 
and are additionally characterized by eigenvectors, the spectroscopic frequencies refer to the 
origin of the Brillouin zone and their eigenvectors are generally not known. The frequencies 
from ADPs are used for estimating the thermodynamic functions in §4.4. 
    4.3. Internal Vibrations from ONIOM Calculation. The ONIOM(B3LYP/6-
311+G(2d,p):PM3) method applied to the 15-molecule cluster of the γ-glycine provides 30 
vibrational frequencies (121–3275 cm–1), mainly internal modes (Tables 3S). The average 
ratio of observed to calculated vibrational frequencies from the 24 highest, mostly molecular 
deformation modes is 0.992, similar to the scale factors proposed by Scott and Radom.45 
Although the frequencies from the ONIOM calculations and Raman spectroscopy,43 agree as 
well as can be expected (Table 4S), the caveat mentioned in §4.2 concerning the comparison 
of the frequencies and their assignment to specific motions applies here as well. The 
anisotropic, temperature-independent contributions ε to the ADPs are estimated from the 24 
highest ONIOM modes. For the non-H atoms these estimates compare quite well to those 
from normal mode analysis (Table 2, footnote b); it therefore seems reasonable to constrain 
the ε's of the H atoms to the calculated values. For an analogous observation and conclusion 
pertaining to crystalline benzene, see ref. (46). 
    4.4. Thermodynamic Functions. The four lattice frequencies from the ADP analysis of 
the KEK data (Table 3) and the 26 highest vibration frequencies from the ONIOM calculation 
(Table 3S) are used to estimate Cv with the help of the Einstein9 and Debye10 models of heat 
capacity. The difference between Cp(T) and Cv(T) is estimated with the Nernst–Lindemann 
relation,11 which is based on the melting temperature (Tm = 519 K for γ-glycine)47 and a 
universal constant (1.63×10–2 K mol cal–1). In the absence of an experimental value for the 
compressibility, this relation has been applied successfully earlier to α-glycine,5,6 polymers 
and macromolecules.48 Fig. 4a shows reasonable agreement between Cp from ADP analysis 
and calorimetry.1 The small Cp difference of −0.6 cal mol–1 K–1 at 60 K is probably due to the 
fact that the lattice frequencies from ADP analysis are a bit lower than those from Raman 
spectroscopy40–44 (Table 3). Note that the difference would be even larger if the frequencies 
derived from the ID11 data had been used. The standard uncertainties of the Cp's from the 
ADP analysis are calculated by error propagation from the standard uncertainties of the four 
normal mode frequencies. The uncertainties are in the small percent range and comparable to 
those from calorimetry:1 2–3% for T < 10 K; 0.5–1.0% for 10 < T < 50 K; and 0.04–0.10% for 
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 higher T. The subsequently derived entropies Svib and enthalpies Hvib of γ-glycine from ADP 
analysis are also very similar to those from calorimetry1 (Fig. 4b). 
 
Table 3. Lattice Vibration Frequencies of γ-Glycine Compared to Those of β- and α-Glycine 
 Lattice vib freq (cm-1) Technique T (K) Sample Ref. 
γ 64.7, 75.2, 80.3, 121 ADP-analysis on X-ray 
(KEK) 
10–298 Single crystal This 
work 
 120, 150, 176 a ONIOM(B3LYP/ 
6-311+G(2d,p):PM3) 
– Cluster model This 
work 
 89, 105, 139, 151 Raman spectroscopy 298 Single crystal 40 
 41, 91, 105, 154 Raman spectroscopy 300 Polycrystalline 41 
 43, 58, 90, 105, 138, 152, 
173, 186, 217 
Raman spectroscopy 298 Single crystal 42 
 89, 104, 138, 152, 170 Raman spectroscopy 298 Single crystal 43 
 96, 111, 135, 150, 160 Raman spectroscopy 31 Single crystal 44 
β 63.9, 72.0, 80.7, 149 ADP-analysis on X-ray 
(ID11+BM01A) 
10–300 Single crystal 7 
 56.2, 96.4, 160, 169 a ONIOM(B3LYP/ 
6-311+G(2d,p):PM3) 
– Cluster model 7 
 64, 88, 117, 131, 150, 160 Raman spectroscopy 40 Single crystal 44 
α 71.3, 77.9, 86.7, 121 ADP-analysis on X-ray 
(SPring-8) and neutron 
18–323 Single crystal 5,6 
 144, 154, 166 a ONIOM(B3LYP/ 
6-311+G(2d,p):PM3) 
– Cluster model 5,6 
 56, 75, 118, 150 Raman spectroscopy 60 Single crystal 44 
a After scaling with 0.992, 0.974 and 0.982 for the γ-, β- and α-phases, respectively. 
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Figure 4. Thermodynamic functions of the γ-glycine polymorph: (a) molar heat capacity and 
difference ΔCp = [Cp(calorimetry) – Cp(ADP)]; (b) vibrational entropy and enthalpy (without 
zero point vibrational energies). 
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     4.5. Relative Thermodynamic Stabilities. 4.5.1. Comparison of Crystal Density and Heat 
Capacity. At the macroscopic level, the relative stabilities are sometimes inferred from rules, 
e.g. the density rule.49,50 The sequence of calculated crystal densities is β > γ > α with an 
increment of ≈0.02 g cm–3 between polymorphs throughout the temperature range 10–300 K 
of the diffraction experiments; the density rule asserts that the β-phase is the least stable in 
agreement with observation, but implies a reversed stability order between the α- and γ-
phases in disagreement with the computational and calorimetric data (Fig. 5a). 
The differences ΔCp(iγ) [= Cp(i) – Cp(γ)] obtained from calorimetry and ADP analyses 
are depicted in Fig. 5b for the temperature range 10–300 K, including the putative β-glycine 
transition at 252 K,51 but not the α-γ transition at 396 K.52 For both techniques, the ΔCp’s are 
small, the largest difference being < 1.2 cal mol–1 K–1. The negative ΔCp’s at 50 < T < 200 K 
from ADP analysis are probably due to shortcomings of the ADP analysis for γ-glycine at low 
temperatures; see difference curve in Fig. 4a. 
    4.5.2. Comparison of Free Energies and Their Components. From a thermodynamic 
viewpoint, the relative stabilities of the glycine polymorphs depend on the differences of 
several contributions to the free energy functions ΔG(i) (i = α, β, γ): 
0 0
( ) ( ) ( , ) ( , 0K) ( ) ( ( ) / )
( ) ( , 0K) ( , ) ( , )
T T
lattice ZPE p p
lattice ZPE vib vib
G i E i p V i T H i C i dT T C i T dT
H i H i H i T T S i T
Δ = + Δ + Δ + −
= Δ + Δ + Δ − Δ
∫ ∫
       (4) 
Lattice energies Elattice are available from accurate quantum chemical calculations; their 
differences may be estimated from sublimation energies. The differences for the glycine 
polymorphs are small, a few tenth of a kcal mol–1, as may be seen from the most recent and 
probably most accurate calculations.53 Differences from other calculations are similar, but 
may show a different order of stability.53 The work terms pΔV, due to thermal expansion, and 
differences between them are small and negligible in the temperature range of our glycine 
experiments (pΔV(γ,300K) = 0.021 cal mol–1; Tables 4 and 4S). 
The differences in Zero-Point-Energies, ΔΔHZPE,53 are similar to the differences ΔElattice, 
but of opposite sign, thus reducing the stability differences of the polymorphs at 0 K. Note 
that the sequence of values from DFT calculations and ADP analyses agrees, their order of 
magnitude is similar, but the differences obtained from quantum calculations are ~300 cal 
mol–1 closer to zero than our estimates, i.e. by an amount that is comparable to the differences 
in ΔElattice, Table 4. To our knowledge the low temperature phonon spectra of the three 
polymorphs and thus experimental values for ΔHZPE are not available for comparison. 
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Figure 5. Comparison of (a) calculated crystal densities and (b) molar heat capacities between 
the three glycine polymorphs; taken from synchrotron data: α, SPring-8;5,6 β, ESRF;7 and γ, 
KEK. The data are given only within the temperature range of this study, well below the 
melting points of α-glycine at 455 K, of γ-glycine47 at 519 K and their transition point at 396 
K.52 The putative phase transition at 252 K of β-glycine observed from calorimetry is marked 
with an arrow.51 
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 Table 4. Comparison of Various Contributions to the Enthalpy and Free Energy of the 
Glycine Polymorphs (in cal mol–1); Standard Uncertainties in Parentheses a 
 α β γ Ref. 
ΔElattice 270 580 0 53b 
pΔV(300K) 0.003 0.010 0 This work 
ΔHZPE(DFT) −40 −220 0 53b 
ΔHZPE(ADP+ONIOM) −431 −562 0 This work 
ΔΔHvib(calor,298.15K) 48(4)c 76(4)d 0e 1, 51f 
ΔΔHvib(ADP,300K) −11(7) 87(7) 0 This work 
−ΔΔHdissol(298.15K) 64(27) 142(27) 0 55 
−TΔΔSvib(calor,298.15K) −22(9)c −71(9)d 0e 1, 51f 
−TΔΔSvib(ADP,300K) −45(8) −186(8) 0 This work 
ΔΔGvib(calor,298.15K) 26(10)c 5(10)d 0e 1, 51f 
ΔΔGvib(ADP,300K) −56(10) −99(10) 0 This work 
a Estimated from the square root of the sum of the squared errors; original standard 
uncertainties are taken from Refs. 1, 51 (calorimetry) and estimated by error propagation from 
the standard uncertainties of four lattice frequencies (ADP analysis) 
b see SI of Ref. 53, PBEh+MBD calculation 
c based on Tab. 3 of Ref. 1 
d based on Tab. 2 of Ref. 51 
e based on Tab. 4 of Ref. 1 
f Note that the differences derived from the summary table 3 of Ref. 51 do not agree with the 
differences derived from Tab. 3 of Ref. 1, Tab. 2 of Ref. 51 and Tab. 4 of Ref. 1. Here we 
have chosen to use the latter. 
 
The enthalpic difference ΔΔHvib are small, but tend to increase the differences between 
polymorphs. The sum (ΔElattice + ΔHZPE + ΔΔHvib) is directly comparable to the negative 
differences in dissolution enthalpies, −ΔΔHdissol.54 The sums (ΔElattice + ΔHZPE(DFT) + 
ΔΔHvib(calor,298.15K) are 278 and 436 cal mol–1 for the α- and β-phases respectively, 
~200−300 cal mol–1 larger than the experimental values but reproducing the observed stability 
sequence. Replacing ΔHZPE and the calorimetric value by those estimated from ADP analyses, 
the calculated differences in dissolution energies are −172(7) and 105(7) cal mol–1 making the 
α-phase slightly more stable than the γ-phase. The discrepancy to the observed stability order 
may well be a consequence of the experimental difficulties in determining accurate ADPs. 
The differences in vibrational entropic contributions, −TΔΔSvib, are similar in magnitude 
to the enthalpic differences, but of opposite sign. Therefore the two terms more or less cancel 
each other suggesting that the vibrational contributions to the free energy differences, ΔΔGvib 
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 = (ΔΔHvib − TΔΔSvib), are not decisive in determining the relative stabilities of the 
polymorphs. 
We conclude that a better understanding of the relative stabilities of the glycine 
polymorphs requires some improvements of the procedure described here: ΔHZPE (and 
ΔElattice) need to be confirmed, either through experiment or through calculations. With a 
better understanding of the ZPEs, the estimates of the vibrational enthalpic and entropic 
contributions are likely to improve as well. The use of periodic DFT calculations seems a 
promising approach towards a better understanding of polymorph stability.53,55−57 This 
conclusion likely holds for polymorphs in general. 
 
5. SUMMARY 
This paper completes a series of studies of the three glycine polymorphs aiming at i) 
analysing the temperature dependence of their ADPs and thus their molecular motion; ii) 
determining their thermodynamic functions Cp,vib, ΔHvib, ΔSvib and ΔGvib; and iii) deepening 
our comprehension of relative polymorph stability. 
This paper describes and discusses: 
• The measurement and interpretation of variable-temperature synchrotron diffraction data 
to 0.5 Å between 10 and 300 K for the glycine γ-polymorph. Such data are essential for 
accurate determination of atomic displacement parameters (ADPs). However, differences 
in instrumentation, experimental conditions and data processing software resulted in 
systematic differences in the ADPs obtained from data collected at two synchrotron beam 
lines. Similar observations apply to the α- and β-polymorphs, albeit to a lesser extent; 
they show that it is still difficult to obtain multi-temperature diffraction data from 
synchrotron data that are sufficiently reliable to accurately describe the temperature 
dependence of ADPs. Present crystallographic data processing programs are largely 
‘black box’ objects that are essentially inaccessible to the users. This problem seriously 
impedes the crystallographic precision experiments needed for the type of study described 
here. 
• As in the studies of the glycine α- and β-polymorphs, the dynamics of the γ-polymorph in 
the temperature range 10–300 K is described with a model of rigid-body motion including 
a Grüneisen correction for anharmonic motion and high-frequency intramolecular motion. 
Four of the 30 vibration frequencies of the glycine molecules in their crystalline 
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 environments have been obtained from ADPs, the remaining 26 from ONIOM 
calculations (B3LYP/PM3).  
• The heat capacities Cv have been estimated from the lattice and internal vibration 
frequencies with the help of the Einstein and Debye models. Cv has been converted to Cp 
with the Nernst–Lindemann procedure or with the crystal compressibility if available. 
From the Cp(T) curves, the thermodynamic functions have been calculated. 
• The relative stabilities of the three glycine polymorphs are discussed on the basis of 
experimental and computational data available in the literature and gathered in our work. 
Based on comparisons of lattice energies, vibrational zero-point energies, vibrational 
enthalpies and entropies it is concluded that the most important contributions to the 
differences in the free energies of the polymorphs are the lattice energies on one hand and 
the zero point energies on the other. The former requires extremely accurate 
calculations,53 the latter a better understanding of the crystal vibrations. Improved high-
resolution synchrotron (or neutron) elastic and inelastic diffraction data as well as further, 
highly accurate quantum chemical calculations will be needed to take this problem a step 
further. Given our findings for the polymorphs of glycine we suggest that these 
conclusions may well hold for other groups of polymorphs as well. 
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